Spacecraft internal disturbances are defined as internal forces or torques generated within the spacecraft that produce undesirable movement or behavior of the mission payload and/or the spacecraft. The line-of-sight pointing error of the optical payload caused by internal disturbances is often one of the most critical issues for a satellite with very high payload pointing requirements. The control and management of internal disturbances are, however, not simple, since disturbance forces and torques as well as their transfer characteristics affect the final performance. The transfer characteristics are strongly related to the attitude/structural dynamics, the attitude/pointing control system and the optical properties, and are therefore also affected by the properties of the disturbance itself. Consequently, for a given target performance, the individual disturbance sources must be specified, taking all these factors into consideration. In this paper, it is discussed how to specify transient disturbances, and a set of control parameters is proposed.
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Introduction
Spacecraft internal disturbances are defined as internal forces or torques generated within a spacecraft that produce undesirable movement or behavior of the mission payload and/or the spacecraft, and thus affect its final performance. 1) Internal disturbance forces and torques are typically produced by the movement of mechanical components, instruments or part of the structure relative to other parts of spacecraft. Examples of disturbance sources are wheels and control moment gyros (CMGs) for attitude control, mechanical gyroscopes, coolers, solar array paddle (SAP) drive mechanisms, tracking or steerable antennas, scan mirrors, filter wheels, focus adjusting mechanisms, and deployment mechanisms. A typical example of performance affected by internal disturbances is the line-of-sight (LOS) pointing error of mission payloads such as optical sensors, telescopes and antennas.
With increasing satellite performance requirements, internal disturbances tend to be more critical. As a matter of fact, internal disturbances are often the largest sources of LOS pointing error in a satellite that requires very high pointing stability of the optical payload. 2, 3) However, specifying internal disturbances is neither simple nor straightforward, because the disturbance forces/torques as well as their transfer characteristics affect the final performance.
In this paper, it is discussed how to specify transient disturbances, and a set of control parameters is proposed. The method was originally developed by the author for the SOLAR-B (Hinode) program, and was used to control transient disturbances generated by various moving components in the optical payloads.
3)
Issues in Specifying Transient Disturbances
Internal disturbances may be classified into three categories: steady-state periodic disturbances, steady-state noise disturbances, and non-steady-state disturbances 1) (Fig. 1 ).
Although disturbances in the last category include both single and intermittent disturbances, they equally behave as non-steady-state disturbances during the duration corresponding to the performance specification. In this paper, the more common term "transient" is used instead of "non-steady-state."
The disturbance forces/torques affect the final performance via transfer path from the individual disturbance sources to the final performance (Fig. 2) . Regarding the final performance, the LOS pointing stability of the mission payloads is considered hereafter. Here, "pointing stability" is defined as the maximum variation in the LOS pointing error over a specified duration, where "maximum" means peak-to-peak, zero to peak or three sigma of the pointing error time function, depending on the specification. Now, the characteristics of the transfer path depend on the attitude/structural dynamics, the attitude/pointing control system response, the optical sensitivity, etc., and they are also affected by the properties of the disturbances. Consequently, for a given target performance that specifies only the maximum values of the time function for a set of durations, the individual disturbance sources must be specified, taking into consideration their transfer characteristics including all these factors. In other words, the problem is a kind of "inverse problem," in which the individual error sources are specified for a given target performance, taking into consideration the transfer characteristics from the disturbance sources to the target performance.
Fortunately, for a steady-state disturbance, it is possible to interpret the specification of the pointing stability in a frequency domain using the method originally developed by the author. 3, 4) An example is shown in Fig. 3 , which is a spectrum-like amplitude vs. frequency curve that corresponds to a set of pointing stability specifications, where  <  1 for T S1 and  <  2 for T S2 . If this interpretation is applied, and if the transfer function from the individual disturbance source to the pointing stability is somehow obtained or assumed, then the specification of each steady-state disturbance source can be theoretically obtained in the frequency domain by multiplying the inverse of the transfer function to the target specification, both of which are represented in the frequency domain. Even if the transfer function is not precisely known, its upper bound in the frequency domain may be used. A kind of allocation or "error budget" is, however, necessary for the next process, because there are many other disturbance sources and error sources that affect the pointing stability. However, a similar approach in the frequency domain is not possible for the transient disturbance. Instead, the problem should be treated in the time domain.
There is another difficulty regarding a transient disturbance, namely the variety and complexity of the waveforms of the disturbance forces and torques. Fig. 4 shows an example of a transient disturbance torque induced by a drive mechanism typically used for SAP and antenna drives. The mechanism consists of a stepper motor and a harmonic drive gear. When operated at a constant speed, it generates repeated disturbance forces/torques. There are, however, many other types of waveforms in the category of transient disturbances. Moreover, a large disturbance does not always imply substantial effect on the final performance because the effect also depends on the waveform. Therefore, it is almost impossible to determine an acceptable limit or bound of the time function of the force/torque generated by transient disturbances.
Effect of Transient Disturbance on Pointing Stability
To establish a reasonable specification of the transient disturbance for a given set of pointing stability specifications, the pointing error generated by the transient disturbance and transmitted through the transfer path should first be analyzed.
Temporal behavior of representative transient disturbance
Although there are a variety of transient disturbances, the disturbance torque induced by a single stepwise rotational motion of a moving inertia or its repetition is representatively considered here. This type of motion is usually realized by either a stepper motor or a servo motor. The disturbance torque T D is simply the reaction torque of T M .
Here it is assumed that the stepper motor is used in an open loop mode, so that one torque impulse occurs in a stepwise motion. In the case of the servo motor, a pair of toque impulses typically occurs in a similar stepwise motion, where the positive and the negative impulses respectively correspond to the start and stop motion of the single operation.
The actual motion produced by a stepper motor may be more or less oscillating as shown in Fig. 6 . However, only the average profile is shown in Fig. 5 . If the stepper motor is used in a closed loop control mode, the motion profile will be similar to that of a servo motor, although a torque ripple might occur during the constant rate portion between the start and stop portions (see Fig. 7 ). This torque ripple component, however, should be treated as a steady-state periodic disturbance rather than a transient disturbance, and should therefore be excluded from the profile. Thus, the torque profile shown in Fig. 5(b) can also be applied to a stepper motor used in a closed loop mode.
There is another case in which the stepper motor is used in an open loop and the pulse rate is much higher than those of Figs. 4 and 5(a), so that the next stepwise motion starts before the oscillatory response damps out. In this situation, the oscillation continues while the motor is driven. In such cases, the disturbance should be treated as steady-state rather than transient.
The stepwise linear (or translational) motion of a moving mass produces a disturbance force. Because the phenomenon is quite similar to that produced by the disturbance torque, the results presented in this paper for the torque can be easily extended to the translational motion and the resultant disturbance force. 
Transient response of pointing error without ACS
To explore the response of the pointing error to the representative transient disturbance indicated in Fig. 5 , a simple case is first discussed, in which the entire spacecraft behaves as a single rigid body with flexible appendages, and the attitude control system (ACS) does not respond to the disturbance. This is an approximation of the S/C behavior of a transient disturbance whose duration of single operation  O is too short for the ACS to respond. It is also assumed that either the mission payload is not furnished with any pointing control system (PCS), or the duration  O is shorter than the PCS response time.
As an example, let us consider the situation in which (1) the control bandwidth of the ACS is on the order of 0.01-0.1 Hz, (2) there is no PCS and (3) the first resonant frequency of the main body is about 50 Hz (e.g., 30-70 Hz). Then approximation is good for the transient disturbance with duration  O on the order of 10ms to 1s. In this simple situation, the pointing error of the mission payload is equal to the attitude error of the main body of the satellite excluding the constant offset, which is mainly due to misalignment and thermal distortion. Thus, in this situation, the pointing stability (1)
Pd_110
is equal to the attitude stability.
 =  B
Under these conditions, the attitude (or pointing) error is simply driven by the disturbance torque about the center of mass (CM) of the spacecraft, and the resultant attitude (or pointing) error  B is given by the following equations:
Here, the equation is expressed in the s-domain, and the capital letters represent the Laplace transform of the small letter quantities, and G F (s) is the transfer function that expresses the flexibility of the appendage. If the appendage is approximated by a lumped mass or inertia connected to the main body by a bending or torsional spring, it can be expressed as follows:
It is noted that, in a low frequency region (<< Fn ), G F (s)~1; and in a high frequency region (>> Fr ), G F (s)~I/I B . Therefore, as an approximation,
Eqs. (1) and (3) are summarized in the block diagram shown in Fig. 8 , where
From the above simple relationships, several important observations can be made: -The quantity that is proportional to the pointing (or attitude) stability is not the disturbance torque T D (= -T M ), but the rotation angle  M of the moving inertia. -The conversion factor from  M to  is simply the inertia ratio I M /I for << Fn and I M /I B for >> Fr .
-If the specified duration T S of the pointing stability is between  O and  I (i.e.,  O < T S <  I ), the pointing stability  is approximated by the following equations:
for >> Fr -A more exact estimate of  is obtained by evaluating (t) for the time function of the motion  M (t), using Eqs. (2) and (3). -For an oscillatory response, as in the case of a stepper motor,  O,pk rather than  O , may be used for a more precise evaluation of  (Fig. 6 ). 
Transient response of pointing error with ACS
If the duration of the single operation of the transient movement is sufficiently long for the ACS to respond, the pointing stability might be better than the estimation in the above section. This is the case for  O > 1-10 s, if the control bandwidth of the ACS is on the order of 0.01-0.1 Hz.
First, the disturbance transfer function of the ACS is derived. For this purpose, a simple PD controller is assumed as illustrated in Fig. 9 . The disturbance transfer function of the ACS, G DA (s), is then expressed as follows: Secondly, the effects of the ACS on the attitude (or pointing) stability is examined using the disturbance transfer function derived above, assuming the two types of transient waveforms in Fig. 10 , which are simplifications of the waveforms of Fig. 5 .
For the first transient type (Fig. 10(a) 
ACS Feedback
expected when using the ACS. If both the repetition time interval  I and the specified time T S of the pointing stability are longer than  A , improvement in the estimation of Eq. (8) would be expected. This would, however, not be further pursued in this paper because no improvement is expected for the single operation, which means no improvement in the short-term pointing stability if T S is shorter than  I .
For the second transition type (Fig. 10(b) ), some improvement can be expected if  O > A . If it is assumed that  S < A , the attitude response can then be analytically derived as follows:
Specifically, for  A =1/ 2, the peak response is given by the following expressions.
When the ACS works, simulated time response for stepwise angular momentum change is illustrated in Fig. 11 , where
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Stepper motor drive model (b) Servo motor drive model Fig. 10 . Simplified time function model of a transient disturbance. Fig. 11 . Typical ACS response to a long-term transient disturbance.
Transient response of pointing error with PCS
If the payload is furnished with any PCS that responds much faster than the ACS, the transient response would be reduced.
Regarding the PCS, a displacement command actuator with an image sensor modeled as a dead time delay element and a simple pure integrator controller are considered (Fig. 12) . The controller is essentially a proportional controller if the loop transfer function is considered. An example of this type of PCS is the correlation tracker and the tip-tilt mirror system (CTM) used in solar optical telescope of SOLAR-B (Hinode). The disturbance transfer function of the assumed PCS is as follows, where the dead time delay is approximated by the first order ordinary delay:
2 ) 2 ( If a time function model with stepwise angular momentum change is assumed again, the pointing response can be
The peak response is given by the following:
Because a simple P controller is assumed, a steady-state pointing error remains for a long duration of  O . However, if the attitude error also occurs, it would be gradually eliminated by the ACS.
Conversely, when  P > O , the PCS is unable to respond to reduce the pointing error. In this case, the resultant pointing error is equal to the attitude error, and is given by Eqs. (2)- (7). If the control bandwidth of the PCS is sufficiently broad so that  P < S ,  pk would be smaller than the above. However, this case would not be further pursued in this paper because the above expression provides at least a conservative evaluation.
Proposed Specification of Transient Disturbances
Based on the analyses and discussions in the above sections, a set of specifications for transient disturbances is proposed as presented in Table 1 
 O is named as the "cumulative angular momentum" corresponding to the incremental rotation angle  O after the single operation, and it is expressed as follows (see Fig. 13 ): replaced by h O,pk and  O,pk (= -I M  O,pk ), respectively (see Fig.6 and Eq. (21)), for more accurate evaluation of the performance.
The advantages of using h O and  O instead of T D (t) (and F D (t)), which is the conventional interface quantity, are as follows: -The necessary and sufficient set of quantities for evaluating the expected pointing stability  is provided.
-The high-frequency ripples usually observed in T D (t) are significantly reduced by the single and double time integrations.
-The waveform as a function of t is not necessary for the specification, although a simplified pattern is required for reference. This significantly simplifies the interface.
-Information about I M and  O is not required. These are parameters that manufacturers are reluctant to provide. -Disturbance source manufacturers can easily use the parameters and criteria to judge GO/NG of their products by themselves. This would enable quick identification of any disturbance problem and its rectification.
Conclusion
It is not a simple problem how to specify individual disturbance sources for a given target performance, because both the disturbance forces/torques and their transfer characteristics affect the final performance. The problem is considered as a kind of inverse problem.
Among the different types of internal disturbances, the specification of steady-state disturbances can be determined in the frequency domain if the pointing stability specification is interpreted in a spectrum-like amplitude-frequency curve, and the transfer function or at least its bound is also given in the frequency domain. However, this approach is not valid for transient disturbances. Moreover, the variety and complexity of the temporal behavior of transient disturbance forces/torques add another difficulty.
To avoid these difficulties, the momentum and angular momentum and their time integrals, rather than force and torque, are selected first. Then the attitude and pointing responses are analyzed in the time domain, assuming simplified transfer characteristics from the disturbance sources to the final performance. Finally, a set of parameters, referred to as control parameters, is recommended for specifying the transient internal disturbances. These parameters were shown to be direct indicators of the resultant pointing performance.
